Understanding infertility and sterility requires knowledge of the molecular mechanisms underlying sexual reproduction. We have found that male mice deficient for the gene encoding the protease inhibitor protease nexin-1 (PN-1) show a marked impairment in fertility from the onset of sexual maturity. Absence of PN-1 results in altered semen protein composition, which leads to inadequate semen coagulation and deficient vaginal plug formation upon copulation. Progressive morphological changes of the seminal vesicles also are observed. Consistent with these findings, abnormal PN-1 expression was found in the semen of men displaying seminal dysfunction. The data demonstrate that the level of extracellular proteolytic activity is a critical element in controlling male fertility.
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I
ncreasing fertility problems in men led to major efforts for a better understanding of the cellular and molecular mechanisms underlying fertility (1). The two major determinants of the reproductive potential of an individual are the efficiency of the spermatogenesis and the function of the accessory sex glands.
Mice bearing single-gene mutations recently have provided exciting information about proteins required for a normal reproduction capability (2) . In males, the genes identified to date are needed either for spermatogenesis or the generation of competent sperm. For example, male infertility was observed in mice lacking the HR6B gene, a homologue of a yeast gene encoding an ubiquitin-conjugating enzyme (3) . Furthermore, the absence of an oligodendrocyte-specific protein͞claudin-11 gene leads to reproductive deficits due to an abnormal generation of paracellular physical barrier of tight junctions necessary for spermatogenesis (4) . Degeneration of spermatogonia was identified as the cause of male infertility in the few mice lacking apoptotic protease-activating factor-1 (Apaf-1) that survive to adulthood (5) . Finally, fertilin ␤-deficient mice were shown to be deficient in sperm-egg membrane adhesion, sperm-egg fusion, and migration from the uterus into the oviduct (6) .
However, only restricted information is available about proteins that are crucial for a normal function of the accessory sex glands. The seminal vesicle is crucial for normal reproduction, as shown by vesiculectomy experiments performed in mice (7). Several seminal vesicle functions have been proposed: stimulating sperm motility, serving as an energy source, providing immunosuppressive factors, participating in embryonic development (8) (9) (10) (11) , and in rodents, forming the copulatory plug (12) .
Several serine proteases have been identified in the reproductive tract of both humans and rodents (13, 14) . Proteases also are secreted in the lumen of the male genital tract (15) . Urokinase and tissue type-plasminogen activators (uPA and tPA) have been described as the major proteases in semen from rodents (16) . Their precise function in reproduction is still unknown, but uPA is secreted at the time of ejaculation and binds to the head of spermatozoa (16) . Knowledge of how the activity of these proteases is regulated by their inhibitors is important in understanding their role in reproduction. Protein C inhibitor, a serine protease inhibitor secreted in the human seminal plasma, has been linked to cases of infertility (17) . Protease nexin-1 (PN-1), a serine protease inhibitor belonging to the serpin superfamily, can modulate the proteolytic activity of thrombin, plasminogen activators, trypsin, and plasmin (18) (19) (20) (21) . Mouse PN-1 is expressed in a wide variety of tissues (22) but in the adult the highest levels are found to be under androgen control in the seminal vesicle (23) . By inhibiting uPA and possibly other serine proteases, PN-1 could regulate the level of proteolytic activity in the seminal fluid.
Here, we report that mice homozygous for a disrupted PN-1 gene (PN-1 Ϫ/Ϫ mice) show male infertility. This infertility is not due to altered spermatogenesis or sperm function but arises from a deficiency in the seminal fluid composition. Because of an enhanced proteolytic profile the seminal fluid is deficient in semenoclotin. Consequently, the copulatory plugs are malformed, lowering the probability of spermatozoa reaching the uterus. Furthermore, we find that infertile men with seminal vesicle dysfunction show abnormal PN-1 expression, thus indicating that controlled extracellular proteolytic activity is important for fertility in humans as well.
Materials and Methods
Animals. PN-1 knockout mice were generated by homologous recombination in embryonic stem cells (24) . Mice were backcrossed into the C57BL͞6 mouse line. Sexually mature mice from 2 to 10 months were used in all experiments. Each male was placed with four females until copulation occurred as pretraining. samples from 3-to 5-month-old males were analyzed. In all cases, two females were mated with each male. Thirty minutes after coitus, the females were killed, the pubic bones were cut, and the vagina was opened ventrally. The vaginal plug was carefully removed, fixed in 70% ethanol, dried, and weighed. mice killed by cervical dislocation. After examination of the global morphology of the glands, they were frozen and stored at Ϫ80°C. Unstained 25-m cryostat sections were used to study the internal appearance of the gland and other sections were stained with hematoxylineosin following Sigma Diagnostics protocol in the study of epithelial structure.
10-month-old adult animals killed by cervical dislocation. Their respective fluids were collected by gently squeezing the glands against the wall of plastic tubes. Seminal vesicle fluid was centrifuged (3,000 ϫ g for 10 min). The precipitate and the supernatant were collected. The liquid phase was diluted in 1͞9 volumes of 10 mM Tris⅐HCl (pH 6.8), 1% SDS, 4% glycerol, and the pellet was resuspended in 180 l of 10 mM Hepes, containing 0.32 M sucrose, and then mixed with 20 l of 10 mM Tris⅐HCl (pH 6.8), 1% SDS, 4% glycerol. Samples were boiled for 5 min at 95°C. Protein (2.5 g) was loaded onto SDS͞PAGE gels and subsequently stained with Coomassie brilliant blue, as described (25) .
Northern Analysis and in Situ Hybridization. Northern blot analysis and in situ hybridization were performed with digoxigeninlabeled RNA probes for PN-1 prepared as described (26, 27) .
Immunoblot Analysis and Immunocytochemistry. Immunoblot analysis and immunocytochemistry were performed as described (22) .
Enzymatic Assays. The amount of thrombin-like protease and PN-1-like inhibitor present in the seminal vesicle and the coagulating gland fluids was evaluated by using a highly sensitive serine protease assay as described (28) . The measured activity was compared with a standard dose-response curve with either thrombin or recombinant PN-1 protein and amount expressed in fmol͞mg protein. To measure thrombin inhibition in plug homogenates, entire plugs of PN-1 Ϫ/Ϫ and PN-1 ϩ/ϩ males (n ϭ 3, in both cases) were mechanically homogenized in thrombin dilution buffer. The homogenates (0.8 g of protein in 80 l) were mixed with 10 l human ␣-thrombin (1 nM in 67 mM Tris, pH 8.0, 133 mM NaCl, 0.13% PEG-6000) per well in a 96-well microtiter plate and incubated for 30 min at 37°C. After preincubation, 10 l S-2288 substrate (H-D-Ile-Pro-Arg-paranitroanilide, Chromogenix, Molndal, Sweden; 1.25 mg͞ml in H 2 O) was added, and the remaining amidolytic activity was determined by measuring the rate of hydrolysis at 405 nm over 30 min by using a THERMOmax microplate reader (Molecular Devices) as described (29) .
Human Semen Samples. Human seminal plasma was obtained from semen analysis performed during the work-up of couples attending the sterility clinic. Seminal plasma was separated by centrifugation (2,000 ϫ g for 10 min) and stored in aliquots at Ϫ20°C. Protein concentration was determined by using the TCA assay. Semen was analyzed according to the guidelines of the World Health Organization (38) . The biochemical markers for accessory gland functions were fructose, zinc, and carnitine for the seminal vesicles, the prostate, and the epididymis, respectively (30) .
Results and Discussion
Infertility in PN-1 ؊/؊ Male Mice. To study the impact of protease inhibition on reproduction, reciprocal matings were performed with mice deficient in the serpin PN-1 ( Table 1 ). The formation of vaginal plugs, an indicator of successful copulation, confirmed normal copulatory behavior in all genotypes. There were no indications of impaired fertility in heterozygous or homozygous females. However, all different matings with mutant homozygous males (PN-1 Seminal Vesicle Phenotype. To gain insight into the mechanism leading to impaired fertility, we performed analyses to determine compartments of the male reproductive system in which PN-1 is present. As described earlier (23), the highest levels of PN-1 mRNA and protein were detected in seminal vesicles, especially in the secretory epithelium ( Fig. 1 A-D) . In line with this, the seminal vesicles of PN-1 Ϫ/Ϫ mice showed progressive abnormalities starting at 4 months ( Fig. 1 E-H) . The most drastic alterations were the bloody and up to 3-fold enlarged glands found in four of nine PN-1 Ϫ/Ϫ males (data not shown). Unstained frozen sections showed striking differences in the appearance of the vesicle lumens ( Fig. 1 I and J) . Morphology was normal at 2 months, the onset of sexual maturity, when infertility is already observed. Aberrant organization of the vesicle epithelium and the stroma was obvious at 10 months ( Fig. 1 K  and L) .
To assess whether the morphological findings were associated with changes in protein composition, we analyzed the protein profile in seminal vesicle fluid from 2-month-old PN-1 Ϫ/Ϫ and wild-type males (Fig. 2A) . The absence of many proteins, especially of semenoclotin (31) corresponding to the 38-kDa band, and the appearance of a new prominent band migrating at 28 kDa indicated increased proteolytic activity in the absence of PN-1. Consistent with these findings, a 6.8-fold decrease in thrombin inhibitory activity was detected in the fluid of mutant seminal vesicles (35 vs. 240 fmol PN-1 equivalent per mg protein) (Fig. 2B) . On the other hand, in the coagulating glands fluid, the protein profile was normal (Fig. 2C) , although loss of inhibitory activity in the mutant males resulted in a slight excess of thrombin-like proteolytic activity (Fig. 2D) . Thus, proteolytic activity in seminal vesicle secretions appears to be very tightly controlled. A massive reduction in inhibitory activity could, therefore, have pronounced consequences. The histological and biochemical data strongly suggest that the seminal vesicle is the organ in the reproductive system most affected by PN-1 deletion.
Vaginal Plug Phenotype. We compared copulatory plugs produced by wild-type and mutant males (Fig. 2E) to evaluate the effect of reduced protease inhibition in the seminal vesicle fluid. Although plugs were formed by mutant and wild-type males (Table 1 ) there were differences in size and consistency. Those generated by PN-1 ϩ/ϩ males were hard, tightly filled the vagina, abutting the cervix, and weighed 22.500 Ϯ 0.006 mg SD (n ϭ9), whereas those from PN-1 Ϫ/Ϫ males were smaller, soft and fibrous, did not lodge tightly in the cervical opening, and weighed only 6.255 Ϯ 0.004 mg SD (n ϭ14). Because one function of the vaginal plug is to prevent loss of sperm and increase their chances of reaching the uterus (32), the number of (Fig. 2F) indicates that the serpin stored in the seminal vesicle is one of the substances ejaculated into the female genital tract during copulation. Consequently, much higher thrombin-like activity was detected in homogenates of plugs generated by PN-1 Ϫ/Ϫ than by wild-type mice (data not shown). To check for PN-1-like activity in these plug homogenates, thrombin was exogenously added to the samples and the resulting proteolytic activity was measured (Fig.  2G) . Addition of exogenous thrombin to plug homogenates from PN-1 ϩ/ϩ males did not increase proteolytic activity, indicating an excess of PN-1 in these samples. This also implies that the residual proteolytic activity detected in these plug homogenates is PN-1 insensitive. When homogenates with equal amounts of protein derived from mutant and wild-type plugs were compared by SDS͞PAGE analysis, significantly fewer protein bands were detected in the mutant sample (Fig. 2H) . This finding suggests that in the mutant many of the proteins normally forming the plug had been degraded to peptides too small to be retained by the gel. Abnormal plug formation by PN-1 Ϫ/Ϫ males can be explained by the near absence of the 38-kDa protein semenoclotin, which is known to serve as a substrate for prostatic transglutaminases and become a main constituent of the copulatory plug (31) . The small, fibrous, malformed plugs are not able to seal the vagina after coitus, thus leading to the reduced number of sperm found in the female partner.
PN-1 Protein in Semen from
Infertile Men. In 10% of cases, male sterility results from various malformations of the seminal vesicle, such as obstruction of the seminal tract and unilateral or bilateral absence of this organ, which lead to characteristic changes in the ejaculate (33) . Immediately after ejaculation, human semen forms a coagulum that is liquefied within 5-20 min (34) . The function of this phenomenon is not understood but it is reminiscent of plug formation in rodents. As the data in mice revealed the importance of a correct balance between protease and protease inhibitory activity in the semen, we compared PN-1 protein levels in semen samples of men in couples with and without fertility problems (Fig. 3) . The seminal plasma of men from infertile couples was classified according to fructose, zinc, and carnitine levels, which are used to evaluate the secretory activity of the seminal vesicle, the prostate, and the epididymis, respectively (30) . High PN-1 levels were found in semen of men where seminal dysfunction was characterized by low fructose but normal zinc and carnitine levels (Fig. 3) . In contrast, PN-1 protein was only weakly detected in seminal plasma from fertile men, as well as in the two other categories of men belonging to couples with fertility problems. Similar immunoblot profiles were obtained by using a monoclonal antibody raised against rat PN-1 (data not shown).
Conclusions. The increase of PN-1 levels found in the semen of a subgroup of men with abnormal seminal vesicle secretory activity is in contrast to the situation in mice, where deletion of the PN-1 gene leads to infertility through the impaired control of proteolytic activity in the seminal fluid. Nevertheless, these results obtained from both mouse and human males highlight the importance of a balance between proteases and their inhibitors in semen. In this context, altered levels of plasminogen activators in semen were found in some cases where abnormal liquefaction or sperm immobility lead to human sterility (35, 36) . Inactive protein C inhibitor, another member of the serpin family, also has been detected in cases of human sterility (17) . The identification of a protein belonging to the serpin superfamily among new genes specific for the male accessory gland in Drosophila melanogaster (37) suggests that the function of protease inhibitors in reproduction spans many species. Our report demonstrates a link between infertility and disturbed composition of the seminal fluid caused by a single gene deletion. As semen is readily accessible to analysis (e.g., proteomics) and experimental modification in human and other species, our data open up perspectives on the role played by the seminal vesicle fluid. They should stimulate research in the field of human fertility control, as well as in situations where the efficiency of artificial insemination needs to be improved, for example in endangered species. Fig. 3 . High PN-1 levels are typically detected in men with a marker profile indicating altered seminal vesicle secretory activity. PN-1 was detected in 100 g protein of seminal plasma from fertile men and men from sterile couples using rabbit polyclonal antibody (RAB-1) raised against human PN-1. Samples obtained from infertile men are grouped into three classes depending on the concentrations of fructose, zinc, and carnitine. The range of concentrations were: fructose, normal ϭ 25-104 mol͞ejaculate, low ϭ 6 -16 mol͞ejaculate; zinc, normal ϭ 4 -14 mol͞ejaculate, low ϭ 1-3 mol͞ejaculate; and carnitine, normal ϭ 0.8 -2.9, low ϭ 0.0 -0.7 mol͞ejaculate. Seminal plasma from fertile men was analyzed as a control. The bands detected at about 60 kDa and below 20 kDa are considered to be high molecular mass complexes and degradation products, respectively.
